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INTRODUCTION *
Alzheimer's disease is the most common form of dementia, exhibiting memory deterioration and cognitive impairment. This disease is characterized by the presence of amyloid plaque (AP) and neurofibrillary tangles (NFT) [1] . AP are intracellular inclusion bodies composed of amyloid β peptides generated by the degradation of amyloid precursor proteins, while NFTs are aggregates of hyperphosphorylated tau proteins [2] .
Tau is a microtubule-binding protein, which functions to facilitate assembly and stabilization of microtubules. Under normal conditions, it maintains homeostasis of phosphorylation and dephosphorylation. It also regulates cytoskeletal stability, which in turn modulates the maintenance of axon morphology [3] . However, hyperphosphorylation of serine and threonine residues of tau protein decreases the binding affinity of tau to microtubules causing aggregation of microtubules, which leads to the formation of paired helical filament (PHF) [4, 5] . Intracellular hyperphosphorylation of tau protein is morphologically manifested by the formation of NFT, which is known to induce apoptosis in neuronal cells. This condition is referred to as tauopathy and its clinical characteristics include deterioration of brain function and apoptosis in neuronal cells [6] . Although the exact mechanism, involved in intercellular signaling pathways, that influences the formation of NFTs are not completely clear, mTOR has been reported to be deeply involved in this process [7] [8] [9] . mTOR is a sub-signaling protein of Phosphoinositide 3-kinase (PI3K) and Protein kinase B (PKB; also known as AKT) and is expressed ubiquitously in the living body, and two multi-protein complexes named TOR Complex 1 and TOR Complex 2, which are functionally distinct in composition and temperament, form the core of the catalytic domain [10] .These mTOR protein complexes are localized in the center of complex signaling pathways that are activated by intracellular stress or growth factor signals. Moreover, they are involved in regulation of various cellular functions, such as protein synthesis, cell growth, biosynthesis of ribosome and mitochondria, cytoskeletal formation, and autophagy [11, 12] . mTOR can undergo self-phosphorylation via its own serine/threonine kinase activities, and regulates the synthesis of other proteins by inhibiting the activation of 4E-BP, an inhibitor protein of mRNA translation process, and through the activation of p70-S6K phosphorylation [13] . Autophagy is a process that sequesters intra-cellular waste by-products, degenerative protein aggregates, and deteriorated organelles in double-membraned vesicle, referred to as autophagosomes, and fuses autophagosomes with lysosome, followed by the degradation by lysosomal proteases [14, 15] . The by-products of degradation can be reused for generating energy required for the survival of cells or for building new organelles; thus, autophagy is called a cellular recycling factory [16] .
According to recent reports, mTOR was hyperactivated in an Alzheimer's animal model. This hyperactivity of mTOR was deeply involved in hyperphosphorylation of Aβ and tau [17] [18] [19] [20] . In other words, it was reported that hyperactivation of mTOR reduced autophagy and directly contributed to hyperphosphorylation and aggregation of tau proteins [21, 22] . Caccamo et al. (2013) reported that, treatment of Alzheimer's transgenic mice (P301S mice) with rapamycin, an mTOR inhibitor, activated autophagy and decreased hyperphosphorylation of tau proteins. This suggests that inhibition of mTOR expression can increase autophagy and decrease hyperphosphorylation, thus, preventing aggregation of tau proteins. However, mTOR is also engaged in the synthesis of proteins related to learning and memory in the brain [23, 24] ; hence, if its activity is completely inhibited by treatment with rapamycin, an mTOR inhibitor, it is likely to inhibit the synthesis of proteins related to learning and memory. Thus, appropriately controlling mTOR or avoiding its over-expression is important [22] .
No effective treatment of Alzheimer's disease is yet available. Although many researchers have attempted to develop pharmacological treatments of Alzheimer's disease, their efficacy was reported to be temporary or radical treatment was reported to be not feasible. Physical activity, or continued exercise has been gaining much attention as preventive and therapeutic approaches to Alzheimer's disease. According to the studies that analyzed effects of exercise on degenerative neurological diseases, such as Alzheimer's disease, exercise contributed to the improvement of cognitive functions and prevention of degenerative neurological disease. These were achieved due to positive changes in brain health, such as increased brain volume, generating neuronal cells and growth factors, and promoting cerebral vasculogenesis [25] [26] [27] . Moreover, another study reported that exercise can reduce the expressions of Aβ-42 and hyperphosphorylated tau, which are pathological markers of Alzheimer's disease [28] [29] [30] . Many studies have shown that exercise might reduce AP and NTF, which are the pathological features of Alzheimer's disease, but studies investigating the effect of exercise on molecular signaling pathways that might reduce the hyperphosphorylation and aggregation of tau protein, or determining whether exercise might control mTOR signaling pathway and autophagy-related proteins are lacking.
Therefore, the present study investigated the effects of long-term treadmill exercise on hyperphosphorylation of tau protein, mTOR signaling pathway, autophagy and cognitive function. For this, we used Alzheimer's transgenic mice with overexpression of NSE/htau23 fusion gene, generated by recombining human tau23 gene under the regulation of NSE (neuron-specific enolase) promoter.
Methods

Experimental animals
In the present study, tau disease model mice that overexpress fusion genes (NSE/htau23 fusion gene) because of the presence of htau23 gene under the control of NSE-gene promoter were used; they were provided by the Korea Food and Drug Administration Laboratory Animal Resources and bred for 18 months at H University Animal Laboratory. During the experimental period, the mice were provided food (Purina rat food-5057), which was produced in accordance with AIN-76A dietary adjustment for experimental animals as recommended by the American Dietetic Association, and food and water were provided ad libitum. The mice were divided into non-transgenic control group (Non-Tg-Control; CON; n = 7), transgenic control group (Tg-CON; n = 7), and transgenic exercise group (Tg-Treadmill Exercise; TE; n = 7). The study protocol was submitted to and approved by the H University Animal Experiment Ethics Committee.
Treadmill exercise
After a prior adaptive training (20 min/day, 15cm/sec, 5 days/week) by using a rodent treadmill (8 Lanes, Daemyung Scientific Co, Ltd, Korea) was completed, NSE/htau23 mice were subjected to exercise of 5 days per week for 12 weeks by modifying the exercise program suggested by Cho et al. [29] in consideration of the exercise performance ability of NSE/htau23 mice. The exercise protocol is shown in <Table 1>.
Water Maze Test
The water maze test was performed in a laboratory with windows open for ventilation arranged with a table. A cylindrical water tank (1.5 m diameter * 12 cm height) was prepared with water at the temperature of 22℃-25℃ and whole milk powder was dissolved to make a target not to be seen. The target (12 cm diameter) was place on the water tank floor about 1 cm below from the water surface. Escape distance and escape latency of an experimental animal was measured and analyzed after 12 weeks of experimental treatment utilizing SMART-CS program (Panlab, Barcelona, Spain), which is the computer program connected on the ceiling right above the water tank. The water maze test was conducted five days a week and mice were made to start from the same place and arrive at the target placed on the same location three times a day. On the last day of 6th, the mice were made to start swimming with the target removed, and two times of arrival at the target place were used as experimental value. Only when mice found the hidden target within 60 seconds, the obtained value was used as experimental result. Each examination was conducted with a minimum of five minute interval.
Brain extraction
The mice were intraperitoneally injected an anesthetic (mixed Rompun/Zoletil, 10 mg/kg in a 2:1 ratio) for inducing anesthesia, and their brain tissues were rapidly extracted; the cerebral cortex was subjected to rapid cooling in liquid nitrogen and stored in a cryogenic freezer at -80℃ (Bio-Freezer, Forma Science, USA) until analysis.
Western blot
The cerebral cortex from the extracted brain tissues was homogenized using homogenization buffer and homogenizer. The homogenate was centrifuged at 4℃ and 15,000 rpm for 30 min, and then the total protein amount from the supernatant was measured using the Bradford method. For each sample, a total protein amount of 40 μg was dispensed to the staking gel well available in Mini-Protein Ⅱ dual-slab apparatus (Bio-Rad Laboratories, Hercules, CA, USA); electrophoresis was conducted at 80 volt for about 2 h until the sample reached the bottom of the gel. PVDF membrane (Amersham, Arlington Heights, IL, USA) and 3M paper wetted in transfer buffer were overlapped one over another and were placed in the Mini transblot module (Bio-Rad Laboratories, Hercules, CA, USA) and subjected to protein transfer at 60 volt for 1 h. After the membrane was blocked for 1 h with 3% BSA solution, the primary antibodies, including p-PI3K (Ab182651), LC3-B (Ab128025), Ser404 (Ab30666, Abcam, MA, USA, dilution: 1:1000), t-PI3K (#4257), p-AKT (#4051), t-AKT (#4685), p-mTor (#2971), t-mTOR (#2983), Beclin-1 (#3783), p62 (#5114), p-GSK-3β (#9323) t-GSK-3β (#9315, Cell signaling Technology, MA, USA, dilution: 1:1000), Ser199/ 202 (T6819), Thr231 (T7194, Sigma-Aldrich, MO, USA, dilution: 1:1000), PHF-1 (a kind gift from P. Davies, Feinstein Institute for Medical Research, Manhasset, NY, USA, dilution: 1: 1000), β-Actin (sc-4778, Santa Cruz Biotechnology, CA, USA, dilution: 1:1000) were reacted in the blocking solution (5% BSA) in a 1:1,000 concentration for 12 h. On the following day, they were washed 4 times with TBS-T solution for 10 min each. Subsequently, the secondary antibodies (HRP-conjugated goat anti-mouse, Santa Cruz Biotechnology, Santa Cruz, CA, USA; HRP-conjugated goat anti-rabbit, Invitrogen, Carlsbad, CA, USA) corresponding to the primary antibodies were diluted to 1:5,000 with blocking solution, shaken for 90 min, and cleaned 4 times with TBS-T solution for 10 min each. Finally, the membrane was placed into Luminata Forte Western HRP substrate solution (Millipore Corporation, Billerica, MA, USA) for color development for 1 min, and then scanned using an image analysis system (Molecular Imager ChemiDoc XRS System, Bio-Rad); the protein amount was calculated using Quantity One 1-D Analysis Software (Bio-Rad Laboratories, Hercules, CA, USA).
Data processing method
Statistical analysis of the results was performed using SPSS Statistics 18.0 program and descriptive statistics (Mean ± Standard deciation; SD) of all variables were calculated. One-way ANOVA was performed to test differences between groups. When significant differences between groups were observed, the Bonferroni test was used as a post-hoc test. The statistical significance level was set at α = .05.
RESULTS
The effects of 12 weeks of treadmill exercise on PI3K/AKT/mTOR, autophagy-related proteins, hyperphosphorylation of tau protein in the cerebral cortex of NSE/htau23 mice, and the cognitive ability of NSE/htau23 mice are as follows.
Treadmill exercise attenuates impaired PI3K/AKT/mTOR signal transductions in the cerebral cortex of NSE/htau23 mice
The results of the effects of treadmill exercise on PI3K, AKT, and phosphorylation of mTOR in the cerebral cortex of NSE/htau23 mice are shown in <Fig. 1>. The result of one-way ANOVA on p-PI3K/t-PI3K ratio revealed statistically significant difference among the NonTg-CON (1.00%), Tg-CON (0.41 ± 0.03%), and Tg-TE groups (0.76 ± 0.08%) [F(2,18) = 274.739, p = .001]. As per the results of a post-hoc test, the Tg-CON group showed decreased p-PI3K/t-PI3K ratio than the NonTg-CON group (p = .001), p-PI3K/t-PI3K ratio in the Tg-TE group increased than in the Tg-CON group (p = .001). The result of one-way ANOVA on p-AKT/t-AKT ratio revealed statistically significant difference among the NonTg-CON (1.00%), Tg-CON (0.46 ± 0.09%), and Tg-TE groups (0.64 ± 0.11%) [F(2,18) = 80.116, p = .001]. As per the results of a post-hoc test, the Tg-CON group (p = .001) showed decreased p-AKT/t-AKT ratio than the NonTg-CON group (p = .001), p-AKT/t-AKT ratio in the Tg-TE group increased than in the Tg-CON group (p = .002). The result of one-way ANOVA on p-mTOR/t-mTOR ratio revealed statistically significant difference among the NonTg-CON (1.00%), Tg-CON (2.72 ± 0.59%), and Tg-TE groups (1.94 ± 0.38%) [F(2,18) = 31.694, p = .001]. As per the results of a post-hoc test, the Tg-CON group (p = .001) showed increased p-mTOR/t-mTOR ratio than the NonTg-CON group, p-mTOR/ t-mTOR ratio in the Tg-TE group (p = .001) decreased than in the Tg-CON group (p = .006).
Treadmill exercise improves impaired autophagy in the cerebral cortex of NSE/htau23 mice
The results of the effects of treadmill exercise on the expression of Beclin-1, p62 and LC3-B in the cerebral cortex of NSE/htau23 mice are shown in <Fig. 2>. The results of 
Treadmill exercise increases phosphorylation of GSK-3β proteins in the cerebral cortex of NSE/htau23 mice
The results of the effects of treadmill exercise on the phosphorylation of GSK-3β in the cerebral cortex of NSE/ htau23 mice are shown in <Fig. 3>. The result of one-way ANOVA on p-GSK3β/t-GSK3β ratio revealed statistically significant difference among the NonTg-CON (1.00%), Tg-CON (0.56 ± 0.08%), and Tg-TE groups (0.92 ± 0.03%) [F(2,18) = 171.381, p = .001]. As per the results of a post-hoc test, the Tg-CON group showed decreased p-GSK3β/t-GSK3 β ratio than the NonTg-CON group (p = .001), p-GSK3β /t-GSK3β ratio in the Tg-TE group increased than in the Tg-CON group (p = .001). 
Treadmill exercise suppresses hyperphosphorylation of tau proteins in the cerebral cortex of Tg-NSE/htau23 mice
The results of the effects of treadmill exercise on the phosphorylation of tau protein in the cerebral cortex of NSE/ htau23 mice are shown in <Fig. 4>. The results of one-way ANOVA for Ser199/202 expression show statistically significant differences among the NonTg-CON (100%), Tg-CON (233.47 ± 89.60%), and Tg-TE groups (143.17 ± 50.25%) [F(2,18) = 9.231, p = .002]. As per the results of a post-hoc test, the Tg-CON group showed increased Ser199/202 expression than the NonTg-CON group (p = .002), Ser199/202 expression in the Tg-TE group decreased than in the Tg-CON group (p = .032). The results of one-way ANOVA for Ser404 expression show statistically significant differences among the NonTg-CON (100%), Tg-CON (160.97 ± 12.52%), and Tg-TE groups 
Treadmill exercise improves cognitive decline in the Tg-NSE/htau23 mice
The results of the effects of treadmill exercise on the cognitive ability of NSE/htau23 mice are shown in <Fig. 5>. As per the results of a post-hoc test, the Tg-CON group showed increased escape distance than the NonTg-CON group (p = .001), escape distance in the Tg-TE group decreased than in the Tg-CON group (p = .001).
DISCUSSION
This study aimed to investigate the effects of 12-week treadmill exercise on mTOR signaling pathway, autophagyrelated proteins, hyperphosphorylation of tau protein, and cognitive ability of NSE/htau23 transgenic mice over-expressing tau protein.
First, the results for PI3K/AKT/mTOR signaling suggested that the expression level of phosphorylated p85 part of PI3K was reduced in the Tg-CON group compared with that in the non-Tg-CON group, whereas its expression level was increased in the Tg-TE group. The expression level of phosphorylated AKT was reduced in the Tg-CON group compared with that in the NonTg-CON group, but its expression level was found to be increased in the Tg-TE group that was subjected to treadmill exercise. In general, PI3K/ AKT signaling pathway is known to respond to trophic factors, metabolic signals, and environmental stress and to regulate survival, growth, differentiation, and homeostatic function [31] . AKT is transported from the cytoplasm to cell membrane by PI3K signaling, leading to the phosphorylation of threonine-308 and serine-473 [32] . Since AKT that is known to induce apoptosis in various disease conditions, including diabetes and degenerative brain diseases, is known to play an important role in pathogenic mechanisms [33] , the increased AKT activity in the Tg-TE group is considered to suggest an increased survival and protective effect of neurons as well as inhibition of the activity of GSK-3β. The expression level of phosphorylated mTOR was found to be increased in the Tg-CON group compared with that in NonTg-CON group. In addition, the Tg-TE group showed reduced expression level of phosphorylated mTOR compared with that in the Tg-CON group. A noteworthy finding was that, although the activities of PI3K and AKT need to be increased for ensuring an increased activity of mTOR, the Tg-CON group showed an increased activity of mTOR without an increased activity of PI3K and AKT. VillamilOrtiz & Cardona-Gomez [34] reported that the expression of mTOR and AKT were increased in a 3xTG mouse model aged 18 months; this finding is contradictory to the results of this study with regard to AKT. This could be attributed to the fact that phosphorylation of tau protein is increased depending on the age of transgenic mice with Alzheimer's disease, or that the genetic features and the activity of mTOR might be controlled by many factors such as 5'AMP-activated protein kinsas (AMPK), tuberous sclerosis complex (TSC1/ TSC2) and phospholipase D (PLD1) as well as PI3K/AKT signaling pathway. Further studies are warranted in this regard to clarify this issue [35] .
Autophagy is a degradative system that is induced in response to various intracellular stresses (nutrient depletion, growth factor deficiency, endoplasmic reticulum stress, etc.). When autophagy is controlled abnormally, it might be highly associated with neurodegenerative diseases, diabetes, and cardiovascular diseases [36, 37] . With regard to autophagy, Beclin-1 was thought to be engaged in controlling the onset of autophagosome formation, p62 is an adapter related to autophagosome formation, and LC3B controls the completion of autophagosome formation [38, 39] . Therefore, this study determined the effects of treadmill exercise on Beclin-1, p62 and LC3-B, which are related to autophagy.
The results of this study showed that the expression of Beclin-1 was reduced in the Tg-CON group; this finding was consistent with those of previous studies showing that the expression of Beclin-1 was reduced with aging [40] and that the expression of Beclin-1 was reduced in the brains of patients with Alzheimer's disease [41] . In other words, when the phosphorylation and aggregation of tau protein are increased, autophagy is abnormally controlled, thereby reducing the activity of Beclin-1, which, in turn, might inhibit autophagy. However, treadmill exercise was found to increase the expression of Beclin-1, which increased autophagy formation. The p62 protein was over-expressed in the Tg-CON group, and its expression was reduced by treadmill exercise. Because p62 protein has an ubiquitin-associated domain (UBA), it acts as an adapter to combine with and transport protein aggregates or organelles in the cells to be removed [42] . The p62 protein expression is increased when oxidative stress is increased, and it is essential for efficient autophagy process. However, when p62 is over-expressed, the activity of autophagy is known to be rather inhibited, and thus the expression of p62 needs to be maintained at an appropriate level [43, 44] . Various findings with regard to p62 protein expression and treadmill exercise have been reported. Odochi et al. [45] reported that, in P301S transgenic mice that were subjected to long-term (chronic) treadmill exercise, there was no statistically significant difference in spinal cord, cortex and hippocampus areas. He et al. [46] also reported that exercise might induce autophagy in the brain; however, in their study, exercise was performed one time, and BCL2 AAA mice and wild-type mice were used. Thus, directly comparing their results with those of the present study is difficult. In addition, Marques-Aleixo et al. [47] reported that, compared between normal mice subjected to treadmill exercise and voluntary wheel running and the control group, there was no statistically significant difference in the expression of p62 in the cerebral cortex and hindbrain areas. Therefore, the results of this study suggest that, although autophagy is inhibited by over-expression of p62 protein in NSE/htau23 mice, the autophagy process of p62 protein was normally induced via a treadmill exercise performed for 12 weeks with progressive loading. Lastly, LC3-B is known to control the completion stage of autophagosome formation; its expression was found to be reduced in the Tg-CON group compared with that in the NonTg-CON group, whereas its expression was increased in the Tg-TE group. The increase of LC3 II expression after treadmill exercise was consistent with the findings of previous studies showing that exercise might induce autophagy [46, 47] . In other words, the abnormal autophagy in NSE/htau23 transgenic mice was found to be ameliorated by treadmill exercise.
The expression of phosphorylated GSK-3β, which affects the hyper-phosphorylation of tau protein in the cerebral cortex of NSE/htau23 transgenic mice, was found to be reduced in the Tg-CON group compared with that in the NonTg-CON group, whereas it was found to be increased in the Tg-TE group compared with that in Tg-CON group. GSK-3β is known to be located in the downstream region of AKT kinase and is phosphorylated by AKT kinase, leading to a reduced activity. [48] . This study also showed that treadmill exercise might induce the phosphorylation of PI3K and AKT and reduce the activity of GSK-3β, because of which the hyperphosphorylation of tau protein was reduced. These findings are consistent with those of a study showing that, in transgenic mice with Alzheimer's disease, treadmill exercise for 3 months increased the phosphorylation of GSK-3β and reduced the phosphorylation of tau protein [30] . Furthermore, Chen & Russo-Neustadt [49] reported that the expression of brain-derived neurotrophic factor (BDNF) was increased through exercise and such an increased BDNF expression might be highly associated with an increased activity of PI3K and AKT signaling pathways.
This study intended to analyze the effects of treadmill exercise on the hyperphosphorylation of PHF-1, Ser404, Ser202, Thr231, and the cognitive ability in the cerebral cortex of NSE/htau23 transgenic mice. The phosphorylation of Ser404, Ser202, Thr231 and PHF-1, the phosphorylated residues of tau protein, was found to be increased in the Tg-CON group compared with that in the NonTg-CON group, whereas it was reduced in the Tg-TE group after the completion of the treadmill exercise. These findings are consistent with those of previous studies showing that, when transgenic mice with Alzheimer's disease were subjected to treadmill exercise, the phosphorylation of Ser404, Ser202 and Thr231 as phosphorylated residues of tau protein was reduced [30, 50] . Furthermore, the analysis of cognitive ability in the underwater maze tests revealed that the Tg-CON group had an increased time and distance to locate the circular escape bar compared with the NonTg-CON, showing a decreased learning and memory capacity. However, the Tg-TE group that underwent treadmill exercise had a reduced time and distance to locate the circular escape bar, suggesting an enhanced cognitive ability through treadmill exercise. These findings are consistent with those of previous studies showing that treadmill exercise might be effective in improving deteriorated spatial learning and memory in transgenic mice with Alzheimer's disease [30, 51, 52] . The disposition of Amyloid-β or inflammatory response and neuronal cell death due to hyperphosphorylation of tau protein is known to be the major cause of decreased cognitive ability in Alzheimer's disease [53] . Treadmill exercise maintained a balance between the process of phosphorylation and dephosphorylation of tau protein, stabilized the microtubules, and ameliorated the abnormal autophagy phenomenon. Consequently, physical activities such as treadmill exercise were found to inhibit the hyperphosphorylation of tau protein as one of the pathological features of Alzheimer's disease, thereby improving the cognitive ability [54, 55] .
CONCLUSION
In conclusion, this study revealed that treadmill exercise reduced the activity of GSK-3β, which might lead to the hyperphosphorylation of tau protein, by increasing the phosphorylation of PI3K/AKT in the cerebral cortex of NSE/htau23 transgenic mice. Such a signaling pathway was found to reduce the hyperphosphorylation and aggregation (Ser199/202, Ser404, Thr231, PHF-1) of tau protein. In addition, abnormal autophagy was found to be improved via the reduced expression level of mTOR that controls the activity of autophagy. In other words, these neuropathic improvements were found to improve cognitive deterioration, as one of the major clinical features of Alzheimer's disease. These findings suggest that regular exercise can be used as a preventive and therapeutic treatment for improving Alzheimer's disease.
